Trees growing under the wires and around the pylons carrying power lines (PL) represent a significant threat to the power supply because they can cause power outages and damage. The vegetation in these PL corridors is cleared motor-manually on a regular basis, which represents about 50% of the PL maintenance costs. In Sweden, PL corridors account for 140 000 ha of productive forest land, with an estimated bioenergy potential of 3 TWh/year. The aim of this study was to measure the productivity of a harvester (with an accumulating felling head) and a forwarder, performing PL corridor clearing (with the collection of whole trees for energy use) and to calculate how the cost and economic profitability is dependent on tree height, biomass removal, harvested area, forwarding distance and wood fuel price. The study also compared the economic profitability of the mechanized harvesting system with motor-manual clearing. Experimental units were inventoried along a PL corridor in central Sweden and a time study of one harvester and one forwarder (with a single operator per machine), working in those units, was carried out. The results showed that if the tree height was greater than about 6 m, the mechanized harvesting system became a more cost-efficient alternative, when compared to motor-manual clearing, but it was also found that mechanized clearing is not always the most cost-effective option. Nevertheless, mechanization of PL clearing has a huge potential for expansion, requiring further research in the combined management of the PL corridors and side areas.
Introduction

Background
Trees growing under the wires and around the pylons of power lines (PL) represent a significant threat to the power supply, because they can cause power outages, line damage and fires as well as pose a risk to people's safety (Government of South… 2011, E.ON Elnät… 2012, Svenska Kraftnät 2012a). To avoid trees growing over the vegetation-free zone around the wires, at a distance of 2.5 m and 3.5 m for the national grid (220 and 400 kV, respectively) (Svenska Kraftnät , 2011 , the vegetation growing in the PL corridors is cleared on a regular basis, usually every 8 years in south Sweden, or 12 years in the northern areas of the country (Svenska . By taking into account the location in Sweden (which, in turn, determines the vegetative period) and the site fertility, the frequency of clearing is adjusted. The time between clearances has been reduced from 8 to 4 years for the regional and local grids that are more susceptible to storms (Swedish Energy Agency 2004) . The distance from the ground to the wires between two pylons is approximately 10 m to 25 m (Larsson 1998 ) and this will also restrict the maximum tree height. When the PL is erected, the landowner receives a one-time payment for the "forever-lost" forest production in the land and another, later on, if dangerous trees on the side areas need to be felled (Larsson 1998) . The biomass cleared from under PLs is currently only used to a limited degree; the biomass is normally just left on the ground. However, some of the areas under PLs could be suitable for conventional forestry, since there is no risk that trees could reach the wires.
In Sweden, 140 000 ha of productive forest land lie within PL corridors wider than 5 m (Statens energiverk 1989) . 13 000 ha are annually cleared motor-manually with brush saws (Larsson 1998), representing around 50% of the maintenance costs of the PL (Vattenfall 1986 ). The work is carried out by the same professionals who carry out selective pre-commercial thinning (PCT) in conventional forestry. The productivity of motor-manual cleaning of PL areas, as with PCT operations, depends mostly on ground conditions, the density of stems and the height of trees. Attempts to mechanize the motor-manual PL corridor clearing/PCT work have been made in the past, but the different machines tested have shown a low cost-efficiency (high operational costs). One of the possible reasons for the low implementation of mechanization is that the development of the hourly cost (price) of forest contractors performing motor-manual corridor clearing has been relatively stable over the past few decades (Eriksson 1992) .
In Sweden, the use of bioenergy in 2011 reached 120 TWh, representing 32% of the total energy usage (Svebio 2011) . Wood fuels accounted for 28 TWh, which is 56% of the total input into district heating (Swedish Forest Agency 2012). A major source of these wood fuels are residues from industrial processes, such as black liquor, bark and sawdust, and are currently fully utilized in Sweden so their use cannot increase in the near future. In order to satisfy the increasing demand for wood fuels and fulfil the EU 20-20-20 renewable energy targets (European Commission 2008) , new unexploited sources of primary energy wood, from both conventional forestry (e.g. stumps, small diameter trees) and set-aside areas, such as forest roadsides, field margins and PL corridors, must be taken into consideration. The national grid uses the highest voltage of all the Swedish grids, has a total length of overhead power lines of 15 000 km (Svenska Kraftnät 2012b) and a corridor width of 40-50 m. The regional (40-130 kV) and local grids (< 40 kV) have a corridor width ranging from 4 m to 40 m. PL corridor clearing is an unexploited biomass resource (Framstad et al. 2009) , with an expected harvesting potential of 3 TWh/year by 2020 in Sweden, including biomass from roadsides and field margins (Jacobsson 2005) . In Finland and Norway, this potential is estimated to be 2 TWh/year and 1.5 TWh/year (Kärhä et al. 2009; Langerud et al. 2007 ), respectively. The potential from clearing the 400 kV grid in the central area of North Sweden (with a length of 3307 km), is estimated to be 60 GWh/year, based on a biomass density of 12 oven-dry (OD) tonnes (t) per ha and an area of 11 900 ha (Hägglund 1992) .
Several studies have shown large variations in the biomass density in PL corridors (Larsson 1998) ; for example, in the north of Sweden, biomass densities were found to be from 2.6 to 42.5 OD t/ha, with an average diameter at breast height (DBH) from 2.3 to 5.8 cm and height from 3.2 to 6.4 m (Hägglund 1992) . Studies of the mechanized harvesting of biomass in PL areas with conventional thinning harvesters and forwarders have shown that it is difficult to obtain a positive economic result if the harvesting sites are small (high frequency of machine relocation) and if the biomass density is low (Vattenfall 1982) . For example, a small thinning harvester (a MiniBruunett with a JH felling head) was studied in such conditions and showed 30-40% higher costs than motor-manual clearing (Vattenfall 1982) . In a recent study (Iwarsson Wide 2009), a profit was obtained when carrying out PL corridor clearing with forest machines directly under the power lines, with a removal of 71.7 OD t/ha, an average DBH of 9.9 cm and a height of 11.8 m; however, these conditions do not represent the typical type of stands harvested in PL cleanings, due to the relative high biomass density and large trees. Other factors influencing the harvesting costs in PL corridors include forwarding distances, safety guidance (safety rules determine the distance the crane tip must maintain from the wires), and agreements with the landowner (Vattenfall 1982) .
Over the last decade, there have been important developments in the improvement of forest technology for small tree harvesting from young dense forests, particularly more efficient accumulating felling heads (AFHs) and specific working techniques leading to significant increases in the harvesting productivity in early thinnings (Bergström et al. 2010a ). However, there have been no studies performed recently on small tree harvesting in PL corridors using such innovative technologies.
The aim of this study was to measure the productivity of forest machines in PL corridor clearing, collecting whole trees for energy use and to calculate the cost and economic profitability when related to tree size, biomass removal per ha, harvested area and wood fuel market price. At the same time, this study aimed to compare the clearing cost of forest machines with the costs of performing motor-manual clearing.
Materials and methods
Study design
The study presented in this paper was performed as outlined below: 1) Units to be harvested were identified and inventoried on PL corridor sites. 2) A time study of a harvester and a forwarder (with a single operator per machine), working in the inventoried units, was carried out. 3) The data from the field study (inventory and time study) were used for modelling the removal of biomass and time consumption of forest machines, as a function of tree height and removal of biomass under different stand conditions. 4) Based on the derived models, the operational costs of forest machines were calculated and compared to the cost of conventional motor-manual cleaning found in the literature. 
Study site
The field study was carried out in May 2012, in the municipality of Knivsta (Sweden), at two sites referred to as Area A (59°41ʹ23″N, 17°48ʹ22″E) and Area B (59°43ʹ50″N, 17°57ʹ42″E), at an altitude of 36 m a.s.l. During the study, the weather conditions were sunny, with a temperature of around 25ºC. The PL to be cleared carried a voltage of 400 kV with a corridor width of 50 m (a width equivalent to the outer wires' projection). The average distance from the wires to the ground varied from 16 m to 26 m and the pylons were spaced at 450 m intervals. In Area A, 12 study units were marked out, with dimensions 20 m long (in the direction of the PL) and 40-50 m wide, which corresponded, approximately, to the corridor width. The effective harvested area of the units was measured after forwarding using a GPS on a personal data assistant (PDA), with ArcGIS ® Mobile (see Table 1 ). Only one study unit was harvested in Area B. A 3.2 m wide strip road, in the middle of the PL corridor, starting from the main road and, following the direction of the wires, crossed the harvesting units and was used for the forwarding of harvested biomass (see Fig. 1 ). Following safety guidelines (i.e. to avoid electric shock) (Svenska Kraftnät 2011), the operating height of the cranes was restricted to 4.5 m below the wires and 6 m from the sides (i.e. the crane tip and trees must remain 4.5 and 6 m away from the wires, in the vertical and horizontal plane of the wires, respectively).
Prior to harvesting, a systematic stand inventory was carried out in each of the units, laying down 6 circular plots in each (radius = 2 m, surface = 12.6 m 2 ). In every sample plot, the DBH of all trees with DBH ≥ 1 cm was recorded (Fig. 2) . In addition, the diameter at stump height (DSH, located at around 10 cm above the ground, i.e. the estimated cutting height) and the tree height were measured for a sample of three trees per plot. The terrain conditions in each of the plots were assessed using the method described by Berg (1992) , including bearing capacity (G), roughness (Y) and slope (L). The average GYL in the study area was 1.2.1., which means a good bearing capacity, a scarce slope, but with a few boulders of variable height (50-80 cm). The incidence of areas that were empty of trees and larger than 25 m 2 was also measured in each of the units. After harvesting, The harvester started to work at "A1", followed the path shown and finished when it reached the point "B1" (unit 1). The harvested moved from "B1" to "A2", in the next unit (unit 2). The forwarder followed the same path as the harvester.
the cutting height of the stumps was measured along a diagonal, from one corner to the opposite corner; in total, 315 stumps were measured (on average, 24 stumps per unit). The moisture content of the biomass was measured using CEN/TS (2004) . For this, 10 trees (5 trees from Area A and 5 from B, respectively) were sampled. From each tree, a sample of 3 wood discs was collected from the butt, middle and top parts. The moisture content varied from 43.7 to 46.2%, averaging 44.9%. The harvested biomass from each of the units was forwarded to the roadside landing, one unit at a time. The forwarded load mass was weighed with an axle load scale system (Telub AB, Sweden). Based on these measurements, the removal of biomass per hectare, y (OD t/ha), was modelled as a function of the average tree height of the unit, h (m), and defined as in Eq. 1 (R 2 (adj) = 0.573; p = 0.0017):
The regression analysis of biomass removal and tree heights, to derive Eq. 1, as well as the rest of regression analyses performed in this study, were carried out using Minitab™ 15 and results were considered significant if p < 0.05.
Biomass properties
In total, 43.5 fresh t (weighed) (24.4 OD t) of biomass was harvested from an area of 9800 m 2 . From Area A, there were 12 loads forwarded and unloaded in 2 stacks, giving bulk volumes of 167 and 169 m 3 loose, respectively. From Area B, there was 1 load forwarded, giving a stacked bulk volume of 35 m 3 loose. The average number of biomass piles bunched on the ground in each of the units was 14 (sd = 4), with an average pile mass of 260 fresh kg (146 OD kg). The average biomass per tree was 1.71 (sd = 0.5) OD kg. The average cutting height of the measured stumps was 22.3 cm, somewhat higher than the initially assumed cutting height (10 cm) at which we measured the DSH.
Time study
The harvester used in the study was a Skogsjan 495 (Skogsjan AB, Sweden) manufactured in 1998, with an engine power of 162 kW, a mass of 15 t, width of 2 m and four tyres (diameter 710 mm) fitted with chains. It was equipped with an 11.3 m CAT crane (Caterpillar Inc., US) able to rotate together with the cabin. The accumulating felling head (AFH) used in this study was a Bracke C16.b (Bracke Forest AB, Sweden), manufactured in 2010. The felling head is specifically designed for the early thinning of energy-wood and it has a cutting chain with rivets of 3/4'', mounted on a saw disc of 795 mm diameter with a maximum cutting capacity of 260 mm. The head was equipped with four-jawed cutting arms and four-jawed accumulating arms. The weight of the head was 570 kg, the height 1120 mm, and the requirement of hydraulic flow 120 l/min. In similar working conditions, the driver usually changed the saw chain once a day and during this study, he used 2 chains. The harvester operator had 4 years experience, of which 2 years were spent harvesting with the Bracke C16.b felling head in young dense forests. The forwarder was a Valmet 890.1 (Komatsu Forest AB, Sweden) manufactured in 2003, with an engine power of 154 kW, a mass of 18.4 t and load capacity of 18 t. The load bunk had a cross sectional area of 6 m 2 . The forwarder was equipped with 8 wheels of 650 mm, a CRF12 crane with a reach of 8.5 m (Cranab AB, Sweden) and an energy wood grapple CE360, which had a gripping area from tip to tip of 0.30 m 2 (Cranab AB, Sweden). The slash grapple did not have wood blades, but had two forks with two legs per fork for effective handling of undelimbed wood and logging residues. The forwarder operator had 7 years experience of forwarding logging residues.
The harvester used the pre-existing strip road to move from the landing to each of the units (see Fig. 1 ). This relocation time was excluded from the time study of the harvester. The time study began when the harvester started to cut trees from point "A 1 ", on one side of the unit, felling a 10 m wide swath at the front part of the machine. The machine described the path shown in Fig. 1 and finished when it reached the point "B 1 ". After finishing the work in the unit, the harvester moved from the end point "B 1 " to the start point of the next unit, "A 2 ". This relocation time was also excluded from the time study. In most of the cases, the strip road divided the harvesting units into Boom out Starts when an empty crane moves towards a tree to be harvested and stops when the tree has been reached.
1
Felling Starts when the first tree has been reached and stops when the last tree has been felled (moving to successive trees included).
Boom in Starts when the last tree in the crane cycle has been felled and stops when trees have been dropped on the ground (including fixing the bunch).
2
Moving Starts when the base machine wheels are turning and ends when the base machine stops.
3
Miscellaneous Other activities such as trees being dropped and then picked up again, bucking of long trees 4 Delays Time not related to effective work time e.g. personal breaks, repairs. 5 a) If work elements were performed simultaneously, the element with the highest priority (lowest number) was recorded.
two areas, as shown in Fig. 1 . The bunches of trees were placed on the left side of the machine, forming piles perpendicular to the working path, in such a way that the crowns of the trees were oriented outwards, towards the unit boundaries. The forwarder followed the same path as the harvester in each of the units when loading the biomass piles. The time study in each of the units began when the forwarder started to drive unloaded from the landing directly to the harvested unit. During loading, the biomass was loaded only from the left side of the machine. When all piles in the unit were loaded, the forwarder drove back to the roadside landing, where the biomass was first weighed (Table 1 ) and then unloaded in two big stacks. In each of the units, one load was sufficient to complete the extraction of the whole harvested biomass.
The work time, including delays shorter than 15 minutes (WT), was recorded with an Allegro Field PC ® equipped with SDI (Haglöf Sweden AB) software. The productive work time (PW) was defined in this study as the work time excluding delays. The WT of the harvester was recorded by means of a frequency study as defined by Harstela (1991) , due to the repetition of short-time elements. The work element in progress was recorded once every 7 seconds, as shown in Table 2 . The running time spent per study unit was recorded with a chronometer. This was recorded in order to correct the possible missing observations from the frequency measurement. The number of biomass piles produced per unit, number of trees per crane cycle and any other relevant observation (e.g. the reason for the delays) were also recorded.
The time study of the forwarder was performed as a continuous time study (Harstela 1991) , since the work elements had a sufficient length to be individually recorded with precision (Table 3) . The total WT, the number of crane cycles during loading and unloading, the loading distances, the distances of driving unloaded and loaded (forwarding distances), the height of the load compared to the bunk stakes and the length of the load, as well as any other relevant observation (e.g. the reason for the delays) were also recorded.
Economic analyses
The profitability of performing PL corridor clearing with forest machines was calculated as the difference between the revenue from selling the whole unchipped trees at the roadside and the logging costs (harvester and forwarder), including the machines' relocation cost, by modelling biomass removals as a function of the tree heights, as found in the field study.
The economic analysis was conducted for a stand size of 1 ha i.e. 50 m × 200 m. The forwarding distance was correlated to the size of the stand, by considering a constant 50 m wide sec- Loading Starts when the empty crane starts to move from the base position in the load bunk and stops when the crane returns to the base position and the machine starts to move to the next loading area (machine position).
1
Moving while loading Starts when the base machine wheels are turning and ends when the base machine stops for loading.
2
Driving loaded Starts when the base machine starts to move from the cutting area and ends when the machine stops at the landing.
2 Unload Starts when the crane moves to grab the first bunch and ends when the crane returns in its base position in the loading space.
1
Driving unloaded Starts when the base machine starts to move from the landing and ends when the machine stops at the cutting area. tion in the PL corridor. Given the size of the stand, the corresponding forwarding distance to the roadside was calculated using the following formula: forwarding distance (m) = size of the stand (m 2 ) / 100 (m). The calculated forwarding distances are given by assuming a perfectly rectangular harvesting site, as represented in Fig. 1 . If the harvesting site had a different geometry or orientation with respect to the central strip road, the forwarding distance to landing would be different. The total WT of the harvester, the forwarder and motor-manual clearing was calculated according to the relationships determined for each of the modelled stand conditions.
Revenues
The revenues corresponded to the market price for whole unchipped trees at the roadside. An average price of 210 SEK/m 3 s (solid cubic metres) was used for the calculation of the income, being the average for the Swedish wood fuel market in 2012. The biomass price per volume (m 3 s) was converted into a price per mass (OD t), by means of the calculated basic density of 497 OD kg/m 3 s, giving a value of 422 SEK/OD t. The basic density was calculated by considering the percentages in mass of stem wood, bark, branches and needles, obtained from the Swedish National Forest Inventory (2012), in an average tree with a DBH of 3 cm for each of the inventoried tree species. The OD densities for each of the components were obtained from Nylinder and Larsson (2012) and Söderström (1983) . The values were averaged by weighting according to the percentages of tree species. The amount of harvested OD t in each of the modelled units was calculated using Eq. 1.
Costs of forest machines
The analytical calculation of the hourly operating costs of the machines returned 862 SEK/WThour for the harvester and 766 SEK/WT-hour for the forwarder (Table 4 ). The calculated costs referred to a thinning harvester (Komatsu 901TX, 150 kW) and a large-sized forwarder (Komatsu 890, 150 kW), similar to the ones used in the field study, since the original models were no longer produced. The calculation was carried out using the method defined by Nordfjell (2010) . The purchase prices were obtained directly from the manufacturer and the salvage value was assumed to be 20% of the purchase price. For the calculation of the fuel costs, fuel consumption figures of 14.1 l/hour for the harvester and 12.4 l/hour for the forwarder were used with a diesel cost of 11.87 SEK/l (Europe's Energy Portal 2012). The hourly fuel consumption of the machines was calculated using the method described by Brunberg (2006) , as a function of the engine power output of the machines. The operating hours per year and driver salary are common values within the ones used by forest machine entrepreneurs in Sweden. The economic lifespan, interest rate and profit margin were assumed to be respectively 4.6 years, 6% and 5%. The fixed maintenance costs, variable maintenance costs and lubricant costs were assumed to be the same as those in the study by Jylhä et al. (2010) for similar machines, applying an exchange rate of 1 € = 9 SEK. The total cost of harvesting and forwarding was calculated by multiplying the hourly operating cost of the machines (SEK/WT-hour) by the total WT required to harvest and forward the biomass from each of the modelled units. The PW time was converted into total WT by including a 10% delay time, as this was the maximum percentage of delays found in this study. In addition to the calculated total cost, a relocation cost of 2000 SEK per machine per relocation was included.
Costs of motor-manual clearing
The cost of motor-manually clearing a PL corridor was calculated for each of the modelled units. The hourly cost of the operator with a cleaning saw was set to 300 SEK/WT-hour. The PW time of motor-manual clearing was calculated using Eq. 2 (SLA Norr 1991), a formula intended to be used for pre-commercial thinning (PCT). T denoted PW-min/ha, RA the tree density in the unit (× 10 3 trees/ha) and H the average tree height (m) in the unit. Since the modelled stands contained significant obstacles on the ground, giving an average GYL of 1.2.1, a time consumption of 5% was added to the model. The average tree density for each of the modelled units was calculated as a function of the average tree height, decreasing from 18 000 to 12 000 trees/ha, as the average heights of trees increased from 3.4 to 6.3 m.
The PW time was converted into total WT by including 25% delays, since in motor-manual clearing of PL corridors it's common to assume 6 PW-hours, out of 8 WT-hours per day, discounting planning, refuelling etc. The total costs of motor-manual clearing were calculated by multiplying the hourly operating cost (SEK/WT-hour) by the total WT required to clear each of the modelled units.
Quality classes
The economic result was also studied by grouping harvested units in quality classes (C, B, A), using similarities in tree height/biomass removal. "Class C" was defined as an average of units 1, 2, 3, 8 and 9, defined by a tree height of 3.6 m and removal of 22.0 OD t/ha; "Class B" was defined by an average height of 4.4 m and removal of 26.5 OD t/ha, based on units 4, 5, 6, 7, 10, 11 and 12; "Class A" was defined by the value of the average height of unit 13, that is 6.3 m and removal of 37.6 OD t/ha. "Class Q" was created by defining a theoretical average tree height of 8 m and a calculated removal of 47.7 OD t/ha (Fig. 8) . The size of the harvesting sites for each quality class ranged from 1 to 10 ha (i.e. forwarding distances from 100 to 1000 m).
Sensitivity analyses
A current price of whole unchipped trees at the roadside was chosen (210 SEK/m 3 s), but both regional and seasonal variations in Sweden were found, between the southern and northern part of the country and between summer and wintertime, respectively. In addition, prices were also a function of the technical and quality considerations set by the main purchasers in the market (forest owners' associations and energy companies) and transport distances. For these reasons, when performing a sensitivity analysis, some of the possible variations in prices would need to be considered to study the effect on the profitability of the mechanized harvesting system. Accordingly, both a price increase of 10% (i.e. 231 SEK/m 3 s = 464 SEK/OD t) and a 10% decrease (189 SEK/m 3 s = 380 SEK/OD t) were considered. At the same time, a 1% increase of price (212 SEK/ m 3 s = 426 SEK/OD t) and a 1% price decrease (208 SEK/m 3 s = 418 SEK/OD t) were also considered. The effect of adding a variable distance from the unit border to the roadside landing was also included in the analyses (quality classes from C to Q with stand sizes from 1 to 10 ha). In one case, a distance to the roadside landing of 100 m was added to the forwarding distance, meaning that the total forwarding distance would be increased by 100 m for all the stands (i.e. for the stands of 3 ha, the total forwarding distance would be 400 m).
In the sensitivity analyses, the effect of longer delays on the working time of the machines was also considered, and the coefficients 1.3 and 1.2 (c.f. Laitila 2008) were applied to convert PW time to WT time for the harvester and the forwarder, respectively.
Results
Time study
Harvester work
The harvester was studied for a total WT of 14.62 hours, of which delay time accounted for 1.94% of total WT (0.28 WT-hours), giving a PW time of 14.34 PW-hours. The average time consumption per ha was 14.5 PW-hours (min. 7.90 PW-hours/ha, max. 20.15 PW-hours/ha). The average time consumption per harvested OD t was 34.98 PW-min. Felling and bunching work represented 60% of PW time (Table 5 ). The felling head cut and bunched an average of 13 stems (sd = 5) per crane cycle (Fig. 3) , which corresponded to a handled biomass of 21 (sd = 8) OD kg/crane cycle. The average number of crane cycles per PW-hour was 92 (sd = 11), which is equivalent to 1147 (sd = 357) trees/ PW-hour.
The average height of felled trees in each of the units was found to significantly affect PW Silva Fennica vol. 47 time and accounted for more than 60% of its variability (Fig. 4) . Accordingly, the efficiency of the harvester (PW-min/OD t) was modelled as a function of the average tree height, h (metres), as in Eq. 3 (R 2 (adj) = 0.617; p = 0.0009):
Total PW time (PW-min/OD t) = e 5.4935 · h -1.379
As a consequence, the harvesters' productivity increased with tree height and was, on average, 1.85 OD t/PW-hour (min. 1.31 OD t/PW-hour, max. 2.96 OD t/PW-hour, sd = 0.57 OD t/PW-hour). 
Forwarder work
The forwarder was studied for a total of 4.73 WT-hours, of which delay time accounted for 1.3% of total WT (0.06 WT-hours), giving a PW time of 4.67 PW-hours. Given the amount of harvested biomass in each of the units, one load per unit was sufficient to complete the extraction of the biomass. The average forwarder load contained 3.35 fresh t (1.88 OD t). A full load was only achieved in unit 1 and it corresponded to 4.48 fresh t (2.52 OD t), which represented 24.9% of the machine's load capacity (18 t), giving a bulk volume of 32.3 m 3 loose. During the loading of the piles into the forwarders' load bunk, the average amount of biomass per grapple was 203 fresh kg (114 OD kg). During the unloading of the biomass at the landing, the average biomass per grapple was 477 fresh kg (268 OD kg).
The forwarding distance in the field study varied between 75 and 672 m and was 325 m on average. The speed whilst driving unloaded was not significantly correlated to the forwarding distance. Therefore, the "driving unloaded" PW time was modelled as a function of the forwarding distance, taking into account the average driving unloaded speed of 1.4 m/s and a full load. In the same way, the "driving loaded" PW time was modelled as a function of the forwarding distance, taking into account the average driving loaded speed of 1.1 m/s and a full load. Considering the driving distance while loading the biomass piles, it varied between 51-116 m, giving an average loading speed of 0.4 m/s. A significant linear relationship between the loading distance and the area of the units was found (p = 0.0064, R 2 (adj) = 0.462). Nevertheless, the regression analysis did not show a significant relationship between the "moving while loading" PW time and loading distance, either between the loading speed and loading distance. For these reasons, the average value of "moving while loading" PW time, 2.11 PW-min/OD t, was used when modelling the total PW time. Also, in the case of modelling the PW time for "unloading" and "miscellaneous", the average values used were 1.08 and 0.51 PW-min/OD t, respectively. The "loading" PW time per OD t was modelled as a function of the removal of biomass per unit, denoted as x (OD t/ha) and defined by Eq. 4 (R 2 (adj) = 0.468; p = 0.0059):
Loading PW time (PW-min/OD t) = e 3.6365 · x -0.7616
The total PW time of the forwarder per OD t was modelled as a function of the removal of biomass per unit, denoted as x (OD t/ha) and forwarding distance to landing, denoted as d (m) and was defined by Eq. 5: Based on a forwarding distance of 100 m, a biomass removal of 25.6 OD t/ha (the average value from this study) and a full forwarding load of 2.52 OD t biomass, the distribution of the PW time was calculated (Table 6) . Using a fixed removal of biomass of 25.6 OD t/ha and increasing the forwarding distance from 100 to 600 m, the forwarders' productivity decreased by 40% (from 7.52 to 4.51 OD t/PWhour), as shown in Fig. 5 . Given a fixed stand size of 1 ha (i.e. an average forwarding distance of 100 m) and an increased biomass removal of 83% (from 20.6 to 37.6 OD t/ha), the productivity increased by 20% (from 7.01 to 8.38 OD t/PW-hours) (Fig. 6 ).
Total PW time (PW-min/OD t) = Loading PW time (PW-min/OD t) + Moving while loading PW time (PW-min/OD t) + Unloading PW time (PW-min/OD t) + [( forwarding distance (m) / Driving unloaded speed (m/min) + (forwarding distance (m) / Driving loaded speed (m/min) ) / full load mass (OD t)] + Miscellaneous PW time (PW-min/OD t) =
Economics
General results
For a stand of 1 ha, as the average height of felled trees increased from 3.4 to 6.3 m, the total logging costs per ha of the mechanized harvesting system decreased by 9%, while the costs per OD t reduced by 50% ( Table 7 ). The costs of the harvester represented an average of 65% of the total costs per ha. This cost decreased by 22% as the height increased, while at the same time, there was a 57% reduction in the cost per OD t. The costs of the forwarder represented, on average, 16% of the total cost per ha and increased by 53% as the average height of felled trees increased, due to the greater quantity of biomass removed; however, the cost per OD t decreased by 16%. The relocation costs represented, on average, 20% of the total cost per ha. This cost per OD t decreased by 45% as tree height increased. The cost per ha of motor-manual clearing increased by 14%, as the average height of felled trees increased from 3.4 to 6.3 m and the average tree density decreased from 18 000 to 12 000 trees/ha (Fig. 7) , while the cost per OD t decreased by 38%.
The revenues per ha for the mechanized harvesting increased by 83% with the average tree height, due to the larger quantity of biomass removed per ha. The net income per ha for the mechanized harvesting system was generally negative but it increased by 72% with the increase in the average tree height, reaching the same value as the cost of motor-manual clearing when the tree height was 5.9 m. This means that for larger stem sizes, the mechanized harvesting of the biomass was more cost efficient than the motor-manual clearing (Fig. 7) .
Results in the quality classes
The net income of the mechanized system per harvested OD t was positive in class Q, when the size of the stand ranged between 1 and 7.2 ha and it was at a maximum at a stand size of 2.4 ha (49 SEK/OD t) (Fig. 8) . The economic result of the mechanized harvesting system was negative for the rest of the classes, but, as was expected, it increased by improving the quality class (C, B, A). In class C, the economic result was maximum at a stand size of 4 ha (-445 SEK/OD t), in class B at a stand size of 3 ha (-275 SEK/OD t) and in class A at a size of 2.7 ha (-51 SEK/OD t). The economic profitability of the mechanized harvesting system was maximized when the logging costs were minimized in each of the quality classes (class C, 867 SEK/OD t; class B, 698 SEK/ OD t; class A, 474 SEK/OD t; class Q, 373 SEK/OD t).
As the class improved (from C to Q), the costs per OD t of motor-manual clearing decreased by 51%, from 190 to 94 SEK/OD t, whereas the costs per ha increased from 4180 to 4488 SEK/ ha. The net income of mechanized harvesting in classes Q and A was greater than the costs of motor-manual clearing if stand sizes remained below 9 ha. For this reason, in the best stand quality classes (A, Q), the mechanized clearing system should be regarded as the most cost-efficient option.
At a minimum tree height of 5.4 m, if the stand size ranged from 2 to 4 ha, the profitability of mechanized harvesting was already greater than the costs of motor-manually clearing, with a net income ranging from -140 to -134 SEK/OD t, while the cost of motor-manual clearing at the same height was -142 SEK/OD t. This height of trees (5.4 m) is representative of the field study conditions and, therefore, we can expect that forest machines are the most economic and efficient alternative in many other PL corridor areas.
Unlike conventional forest harvesting operations, the increase in the size of the harvesting unit decreased the profitability of the mechanized harvesting system, as shown in Fig. 8 . This is because in the study, the forwarding distance is connected to the size of the stand, so a bigger stand implies longer forwarding distances and higher costs, but with an insufficient increase in the revenue from harvesting larger volumes of biomass to compensate.
Sensitivity analyses
Considering a price increase of 10%, the economic result in classes C and B would improve by 9% and 15%, at a respective stand size of 4 and 3 ha (i.e. the stand size at which profit is maximized), but it would still be negative (-403 and -233 SEK/OD t, respectively). At the same time, the net income in class A would be -9 SEK/OD t, at a stand size of 2.7 ha, which would represent an 82% increase. In the class Q, a positive result would be found for all analysed stand sizes (from 1 to 10 ha) and the net income would increase by 85% (from 49 to 92 SEK/OD t), at a stand size of 2.4 ha. However, if a 10% decrease in wood fuel prices is considered, the net income is only positive in class Q, at stand sizes from 2 to 3 ha (i.e. it has decreased by 85%). For instance, by assuming a 1% increase of price, the increment of the profit in class C would be 1%, in class B 2%, in class A 8% and in class Q 9%, using the same stand sizes. If a 1% price decrease is considered, the profit would decrease by the same percentages as in the previous case.
If a distance from the border of the unit to the roadside landing of 100 m was included in the forwarding operation, the decrease of profit (at the maximal point of profitability) was 3% in class C, 5% in class B, 29% in class A and 31% in class Q. Considering a distance of 500 m, the reduction in profit was 17% in class C, 27% in class B, 147% in class A and 153% in class Q. However, even if the worst case is considered (i.e. a distance of 500 m), the mechanized clearing alternative would still be a more cost-efficient option than motor-manual clearing in stands of class Q smaller than 8 ha (total forwarding distance of 1300 m). However, if the variable distance is greater than 500 m, the motor-manual clearing would represent the most cost-efficient option, given the modelled stand conditions.
In the case where longer delays to the work of the machines were considered, at the maximum point of profitability, the decrease of profit was 28% in class C and 35% in class B. The decrease was 121% in class A, but still, it remained at similar levels to the costs of motor-manual clearing (-114 SEK/OD t). A positive result was only found in class Q (3 SEK/OD t), although the decrease of profit was 95%. As the sensitivity analysis showed, the effect of delay time was great, but given similar conditions as in the field study, delays were not expected to be as high as in conventional forest harvesting operations.
Discussion
The harvester
The productivity of the harvester was mostly affected by the height of the trees to be felled and increased with the increment in the average tree height. However, the presence of boulders and the pylons in some of the units affected harvesting productivity, since the driver had to work more carefully to avoid damaging the saw chain. In some of the units, the operator also cut trees with DBH < 1 cm, which increased the time consumption and decreased productivity, due to the low accumulation of biomass per crane cycle. Only one other recent study of mechanized harvesting in PL corridors in Sweden was found (Iwarsson Wide 2009), but the stand conditions and technologies used differed notably from our study, making a direct comparison of harvesting productivities impossible. A meaningful comparison with a study of the use of an AFH Bracke C16.a for thinning of young dense forests (Bergström et al. 2010a ) was possible. In this case, a boom-corridor technique was used in a very similar way to PL corridor clearing. If the corresponding modelled DBHs of 2.3 cm, 3.4 cm and 3.7 cm, with average tree heights 3.6 m, 4.4 m and 6.3 m, respectively, are used in the boomcorridor productivity model (Bergström et al. 2010a) , the productivities would be 2.17, 2.96 and 3.11 OD t/PW-hour, which, on average, are higher (27%) than the productivities found in the present study. Although the harvesting technologies were similar, the stand conditions were different. The same type and model of AFH was studied in the harvesting of short rotation willow coppice plantation, giving a time consumption of 0.36 PW-hour/OD t (productivity of 2.78 OD t/PW-hour), under normal growth conditions (biomass density 36 OD t/ha, average tree height 5.4 m and DSH 2.7 cm) (Di Fulvio et al. 2012) . The modelled time consumption in our study, at an average tree height of 5.4 m, was 0.40 PW-hour/OD t (productivity of 2.53 OD t/PW-hour); this is in line with those results.
Direct comparisons with other studies of small tree harvesting become difficult, because of the different stand conditions and the cutting technology (i.e. generally bigger trees and lower tree densities in conventional forestry). Kärhä (2006) found that when the stem volume was under 5 dm 3 s the cutting productivity remained under 2 m 3 s/PW-hour (≈1 OD t/PW-hour, assuming a basic density of 497 OD kg/m 3 s) when using feller-bunchers and roller-fed harvester heads. In our study, the average stem volume ranged between 1.4-5.3 dm 3 s and the productivity 2.64-5.96 m 3 s/PWhour, which is significantly higher. This can be mainly explained by the fact that an accumulating felling head was used in our study and it performed a clear-cut, in stands with a much higher tree density (between 10 000-30 000 trees/ha) than in the studies of Kärhä (2006) .
The harvesting technology used in this study was originally designed for thinning in conventional forestry. Clearly, new machines and working methods should be developed specifically for use in PL corridors, such as felling heads coupled with chipper-harvesters as tested for PCT (Vattenfall 1992) , chip-harvesters (as a single machine system) equipped with AFH and chipper with a container, or as a two machine system, by including a bin-forwarder (Talbot and Suadicani 2005) . As in PL corridor clearing, rather than the quality, only the quantity of biomass harvested is important, other technologies specifically designed for bulk harvesting should be considered, such as the FECON ® Bio-Harvester™ which is actually used in the US for removing biomass from areas with a high wildfire risk. This biomass harvester is able to cut, chip and haul small trees at the same time, reaching a maximum productivity of 8.98 fresh t/PW-hour (4.94 OD t/PW-hour at 45% MC), when the biomass removal in the stand was 45.1 fresh t/ha (24.8 OD t/ha at 45% MC) (Catts et al. 2011 ).
The forwarder
The productivity of the forwarder increased with the removal of biomass per ha. Assuming a forwarding distance of 250 m and tree height of 5.4 m (biomass removal of 32.4 OD t/ha), the modelled productivity was 6.6 OD t/PW-hour (time consumption 4.9 PW-hours/ha). Compared to the value calculated by Di Fulvio et al. (2012) of 7.2 OD t/PW-hour (5.0 PW-hours/ha), the modelled productivity was slightly lower (9%). Laitila (2008) has shown that when a removal of biomass of 60 m 3 /ha was considered (≈30 OD t/ha) with a forwarding distance of 250 m, the productivity of the forwarder was about 12 m 3 /PW-hour (≈6 OD t/PW-hour), which was similar to our results. However, the number of observations in our study was limited and it was not possible to model all the components of the PW-time of the forwarder in respect of the biomass removal and stand conditions (i.e. average values had to be used for "moving while loading", "unloading" and "miscellaneous" time elements) (Eq. 5). In any case, the aim of the present study was not to model the PW-time consumption of the forwarder in detail, as described by Laitila et al. (2007) , but to assess the level of productivities when forwarding small trees in PL corridor clearing.
On average, 18.6% of the forwarder's load capacity was reached (3.35 fresh t on a payload capacity of 18 t), which denoted the bulkiness of the harvested biomass. The bulk density of biomass, on the load bunk, was, on average, 139 fresh kg/m 3 loose (78 OD kg/m 3 loose). The low value of the bulk density shows the need for densification, which could improve the forwarder's productivity and the efficiency of the operation. As suggested by Bergström et al. (2010b) , one possibility could be the compression and rough delimbing of tree bunches with a boom-tip mounted unit, or the compression of the forwarder loads with the use of compressing stakes on the load bunk. The results of that study showed that it was possible to increase the energy density of the material up to 80-160% when processing the tree bunches with a specific head. A compression of the forwarder load increased the bulk density by 16-32% and the result was significant especially in the case of small birch trees.
Motor-manual cleaning
The productivity levels of motor-manual clearing in PL corridors were investigated and several sources (forest consultants and entrepreneurs) reported a huge variability, depending on the PL corridor conditions (e.g. ground conditions, height and density of trees, etc.). These levels range from about 0.3-0.5 ha/day in the worst cases and 0.7 ha/day in medium conditions to 1-1.5 ha/day at the best sites. Compared to PCT in young forests, productivity in PL corridors is considered to be lower, because although it is not necessary to make a selection of the stems to fell (which, for an experienced operator, would not affect productivity), for PL corridor clearing, all the trees must be cut, the patrol road (strip road) must be kept free from felled trees and vegetation cannot be left "hanging out". Comparing previous reference productivities to the ones modelled using Eq. 2 (0.6 ha/day in class C and 0.5 ha/day in classes B, A and Q), these conditions can be classified as "medium-difficult" and "difficult" clearings. The average productivity of motor-manual clearing in PL corridors was also estimated at 0.5 ha/day (Hägglund 1992) . For this reason, the figures for motor-manual productivity that were used in the modelled stands must be regarded as consistent, compared with the available sources. The formula and input variables used to calculate PCT productivity are based on performance tables from Swedish experience (SLA Norr 1991) and based on tree density and height. In other countries like Finland, the productivity of motor-manual PCT can also be a function of tree density and DSH.
Economic analyses
As shown in Fig. 7 , the net income from carrying out mechanized harvesting increases with the height of the harvested trees (biomass removal), until it reaches a point where the net income from mechanized clearing equals the costs of motor-manual clearing. If tree height/biomass removal continues to increase, there will be also a point ("the break-even point") at which the mechanized harvesting system will give a net income equal to zero.
This "break-even point" (theoretical average tree height) was calculated for stands with sizes from 1 to 5 ha (i.e. forwarding distance from 100 to 500 m) ( Table 8 ). The minimum height of trees at which the costs and revenues in the mechanized harvesting system became equal (both per hectare and per OD t) was 7.1 m, when the size of the harvesting unit ranged from 2 to 3 ha.
Although the calculated average tree height, 7.1 m, did not correspond to the average tree height of any of the units in the field study, the frequency of trees with heights from 7.1 m to 8 m represented 11% of the total number of stems in unit 13, meaning that this height is expected to be reached in those sites with similar fertility conditions. This fact proves the expediency of re-adjusting the clearing frequency of the PL corridors, without compromising the safe distance of trees from the PL wires.
In the PL corridor studied, the shortest distance from the wires to the ground was approximately 16 m; by subtracting 4.5 m (the working safety distance under the highest voltage of 400 kV) (Svenska Kraftnät 2011), the maximum allowed height of trees would be 11.5 m, which is much higher than the current height of harvested trees. Thus, in some cases, the net income from PL clearing would be notably increased if trees are allowed to grow a few additional years than at present, by taking into consideration the growth conditions in each section of the PL corridor. Even if the "break-even point" height was not reached in the PL corridor clearing experiment, the mechanized harvesting system turned out to be more economically efficient than motor-manual clearing, when tree height reached around 6 m. (Fig. 7) .
We should also consider that PL corridor clearing offers an opportunity to maximize the annual utilization of forest machines, representing an extra source of jobs for forest entrepreneurs and, for this reason, the hourly operating costs of forest machines are expected to decrease. As a consequence, it is expected that, at lower tree heights, the net income of mechanized PL corridor clearing would already be equal (or greater) to the costs of motor-manual clearing. Similar economic results with a two forest machine system were obtained in willow plantations (Di Fulvio et al. 2012) . In fact, when considering average tree height of 5.4 m and stand size of 4 ha, the total harvesting cost in a willow plantation was 480 SEK/OD t (17 210 SEK/ha), which is similar to the total harvesting costs of PL corridor clearing, that is 561 SEK/OD t (18 182 SEK/ha).
The transportation distance to the power plant is also expected to have an effect on the revenues from PL corridor clearing, due to the fact that this cost is actually discounted from the roadside revenue. Nevertheless, the harvested biomass from PL corridors may be used directly by the owner of the PL to generate energy, so that the roadside price may not be a limitation. However, the forest land occupied by PL corridors belongs, usually, to individual private owners, so new agreements should be signed to allow the extraction of the biomass and to allow forest machines to cross estates owned by different people. Therefore, in the total costs of the mechanized clearing system, an additional cost should also be included, to compensate the landowner for the biomass, which could represent around 22% of the total harvesting cost, as found by Hägglund (1992) .
Strengths and weakness of the study
Due to the relatively small number of observations (13 study units) from which the models were extrapolated, the results should only be applied to similar PL corridor conditions (similar height, density of trees, DBH, and biomass removal), using similar technology. This limitation should be considered when applying similar technologies in other areas of Sweden, or even in Europe. The study was planned to be completely executed in Area A, but the trees in that area were not as tall as expected. Despite the time limitation regarding machines' availability and the difficulties to obtain the permission from the landowner, it was possible to find an additional unit in Area B, with much better stand conditions. By performing a more detailed analysis in a broader range of PL corridors, more robust models may be built up, providing more accurate and reliable results. However, the models presented in this study and the results of the economic analyses may represent a powerful tool for decision makers.
It's important to be aware of the fact that PL corridors represent a particular sort of harvesting stands, in comparison to conventional forest conditions. The common practice in forest thinning operation is to use tree volume or DBH to model the biomass removal and harvester' productivity, but in this study, tree height was chosen. This was due to the notably greater effect of height on cutting productivity, but also, because the maintenance operations of PL rely mostly on tree height. Furthermore, flights conducting laser scanning over PLs measure the tree height to estimate the biomass removal, so it can be more convenient to use height rather than DBH or tree volume in those conditions.
The percentage of delay time (10%) to convert PW time into WT (for the work of both the harvester and the forwarder) can be considered somewhat small, if compared to conventional forest harvesting operations. As shown in the study of Laitila (2008) , the coefficients used to transform PW time into WT are 1.3 for the harvester and 1.2 for the forwarder (in early thinnings). Although our study was carried out over a short time, the work conditions can be considered to be easier than in conventional forestry (even easier than a clear-cut), and for this reason, the 10% delay time is expected to be a reasonable value.
Although the machine drivers in the experiment were very skilled and had several years of experience, multiple studies have showed that machine operators have a huge effect on forest systems' performance (Pürfürst and Erler 2011; Purfürst and Lindroos 2011). As shown by Kärhä et al. (2004) , the variation in productivity between drivers of the same thinning harvesters can be as much as 40%. This fact reflects the limitations of our experiment, in which, only one operator per machine participated. It is obvious that studying the work of different drivers would notably improve the models and would give more general results. Although the effect of the machine operator is a different issue to the delays in the work of the machines, the sensitivity analysis performed on delays may also give a general idea of the effect of the drivers on productivity and profitability.
Conclusion
The clearing of PL corridors represents about 50% of the total maintenance costs of PL areas. There is, therefore, an obvious need to decrease this cost by means of innovative methods and technologies. The results of the present study conclude that if the tree height in these areas is greater than 6 m, the mechanized harvesting of PL corridors becomes a more cost-efficient alternative when compared to motor-manual clearing.
The study has also shown that the mechanization of PL corridor clearing is not always the most cost-effective option, since it is strongly affected by the height of trees, biomass removal, forwarding distances and wood fuel prices. Due to these factors, together with the availability of forest machines, technical restrictions (i.e. the lack of main traffic roads nearby, safety regulations) and legal constraints (i.e. the need to make new agreements with the landowner to drive forest machines across their land and extract the biomass from PL corridors), motor-manual clearing will continue to be a more feasible and cheaper option in many cases.
Despite these limitations, mechanization of PL corridor clearing still has a huge potential to be expanded, both by using the machines studied or alternative technologies. For these reasons, more research is needed to promote the supply of biofuels at more competitive prices, by develop-ing new technologies and work methods. Future research into the combined management of the PL corridors and side areas is required, in particular through developing cost-efficient harvesting technology adapted to power line harvesting conditions and GIS mapping of the potential areas to implement forest mechanization.
